. Voluntary exercise reduces the incidence of stress-related psychiatric disorders in humans and prevents serotonin-dependent behavioral consequences of stress in rodents. Evidence reviewed herein is consistent with the hypothesis that exercise increases stress resistance by producing neuroplasticity at multiple sites of the central serotonergic system, which all help to limit the behavioral impact of acute increases in serotonin during stressor exposure.
INTRODUCTION
Stress-related psychiatric disorders, including anxiety and depression, are currently the most common mental health disorders in the United States. By 2020, depression will have the second highest lifetime burden of disease, exceeded only by heart disease. Exposure to stressful life events is a primary causal factor in the development of depression and anxiety, which often are comorbid. Although stress can have an impact on mental health in a large number of individuals, not all individuals exposed to a traumatic event develop fullblown depression or anxiety. Identification of variables that influence the development of stress-related psychiatric disorders is of primary importance to gain insight into the neurobiological basis of these diseases and to develop more effective pharmacological treatments.
Exercise is one variable that can influence individuals' responses to stressful events. The stress-buffering effects of exercise are demonstrable at many levels, including neuroendocrinological, immunological, and behavioral. For example, both the human and animal literatures indicate that exercise can constrain the activation of the sympathetic nervous system in response to stress (e.g., (10, 18) ), attenuate mild stressor-evoked increases in stress hormones (3), prevent stress-induced immunosuppression (10) , and reduce the incidence and severity of stress-related psychiatric disorders, such as depression and anxiety. We will review our work in rodent models focusing on the neurobiological mechanisms by which exercise prevents the negative affective and cognitive consequences of stressor exposure.
Voluntary wheel running is a useful method of increasing physical activity status in rodents because it avoids the potential confounding effects of exposure to the chronic stress that forced exercise paradigms, such as treadmill training or forced swimming, could impose on the animals. Consistent with the protective effects of exercise in humans, we and others have observed that rats allowed to run voluntarily on in-cage running wheels display typical anxiolytic and antidepressant responses in several animal models and are protected against depressive-and anxiety-like behavioral consequences of exposure to a variety of stressors. Using the established learned helplessness (LH) paradigm, we have reported that wheel running blocks the exaggerated fear and deficits in instrumental escape learning produced by exposure to an acute uncontrollable stressor (6, 16) .
Accumulating data support the hypothesis that wheel running prevents the behavioral consequences of uncontrollable stress by producing resistance against the behavioral impact of excessive 5-hydroxytryptamine (5-HT). Hyperactivation and sensitization of 5-HT neurons in the dorsal raphe nucleus (DRN) are critical for the development and expression, respectively, of the behavioral consequences of uncontrollable stress. The neuroplasticity produced by exercise leading to resistance against the anxiogenic effects of 5-HT could occur in DRN-afferent regions that can modulate DRN 5-HT activity during stressor exposure; the DRN itself, such as a facilitation of 5-HT 1A inhibitory autoreceptor-mediated inhibition of 5-HT neurons; and/or DRN projection sites, such as reduced expression or sensitivity of postsynaptic 5-HT receptors in brain regions critical for the expression of stress-induced behaviors. The current article will discuss each facet of this hypothesis and conclude that voluntary exercise produces plasticity at multiple sites within the central 5-HT system that converge to facilitate stress resistance. The hypothesis supported herein has important clinical implications and predictive value.
STRESS-RELATED BEHAVIORS AND LEARNED HELPLESSNESS
Stressor exposure is an important causal factor in the development of anxiety and depressive disorders, including posttraumatic stress disorder, generalized anxiety, and major depression. Accordingly, symptoms of both anxiety and depressive disorders include behaviors that can be produced by stressor exposure, including social avoidance, inappropriate or exaggerated fear, and alterations in learning and memory processes. Stressors that are repeated over a long duration, severe in nature, unpredictable, or uncontrollable often are the most detrimental to mental and physical health. Because of the critical role for stress in the development of depression and anxiety, animal models using exposure to stressors can help to identify potential neurobiological mechanisms of depression and anxiety.
Exposure to an acute uncontrollable stressor produces behaviors in rodents that resemble symptoms of human anxiety and depression. Rats exposed to a series of uncontrollable shocks over a 2-h period later display a constellation of behaviors including a reduction in social exploratory behavior, exaggerated conditioned fear, and interference with instrumental escape behavior (see (28) ). Importantly, these behavioral outcomes depend on the uncontrollability of the stressor; they do not occur if the stressor is controllable.
The behavioral consequences of stressor exposure that depend on the controllability of the stressor have been called LH (see (13, 29) for reviews of LH). The acquisition, or development, of LH typically is produced by exposing rats to a series of uncontrollable tail shocks. The expression of LH is observed during behavioral testing at a later time point, typically 24 h later. The behavioral consequences of uncontrollable stress are transsituational (i.e., they occur in environments different from the one in which stressor exposure occurred), are sensitive to pharmacological therapeutics, and have been argued to represent animal analogs of human anxiety and depression. Because of the close resemblance of LH behaviors to symptoms of human anxiety and depression, we have used uncontrollable stress and LH to begin to elucidate factors potentially involved in the protective effect of exercise against stress-related psychiatric disorders.
EXERCISE AND STRESS RESISTANCE
Using the LH model, we have reported that voluntary wheel running can create resistance against the anxiety-and depression-like behavioral consequences of stressor exposure. Rats allowed voluntary access to running wheels are protected against the social avoidance (Greenwood B., unpublished observation, 2011), exaggerated freezing, and the escape deficit produced by uncontrollable stress (13, 16, 21) . The protective effect of wheel running against LH does not seem to be dependent on running distance. We and others typically observe no significant correlation between running distance and anxiety-related behavioral outcomes. Although running distance may not be related directly to the effect of exercise on emotional behavior, distance is correlated with exercise-induced enhancements in spatial learning and memory and related neuroplastic changes including the exerciseinduced increase in brain-derived neurotrophic factor (BDNF) and neurogenesis. On the other hand, the stress-buffering effect of wheel running does depend on the duration of previous wheel running, whereby 6 wks of wheel access is sufficient to prevent LH behaviors, but 3 wks is not (14) . This time course carries over to several of the neurobiological changes we have observed after wheel running as well (discussed below). In addition to preventing LH, we have observed that wheel running also reverses a long-lasting, modified version of LH (20) . This observed therapeutic effect also is dependent on the duration of wheel access.
All of our experiments examining the impact of voluntary exercise on the stress responses to date have used singlehoused animals. Single-housed animals, each with its own wheel, allow each animal's running behavior to be analyzed and correlated with other dependent measures. However, rats are social creatures and single housing may be a less preferred housing environment compared with social housing. It is possible that the single housing conditions interact with exercise in such a way that only isolated rats will benefit from wheel running. For example, single housing conditions could facilitate the induction of LH in sedentary rats, and wheel running could buffer the long-term impact of isolated housing and not uncontrollable stressor exposure, per se.
To determine if housing conditions have an impact on the protective effects of wheel running against LH, male F344 rats were either single-or pair-housed upon arrival to the colony. Rats had access to either a locked (sedentary) or a freely mobile (run) running wheel (1 wheel/cage) for 6 wk. After 6 wks of the sedentary or run conditions, rats were either exposed to uncontrollable tailshock or were left in their home cages (n = 5 per group). Analysis of the running data revealed that average weekly running distance recorded by the wheels in the cages of the pair-housed rats was twice that recorded by the wheels in the cages of the single-housed rats (F 1,11 = 17.6; P G 0.01; Fig. 1A ), suggesting that pairhoused rats share equal access to the running wheel. Body weights are depicted in Figure 1B . Interestingly, single-housed rats gained less weight over time than their pair-housed counterparts, regardless of exercise condition (F 1,29 = 19.08; P G 0.001), and wheel running did not affect body weight gain. The difference in weights between the single-and pairhoused rats could reflect an effect of chronic stress imposed by chronic single housing. Upon behavioral testing, we observed that both single-and pair-housed sedentary rats displayed exaggerated shock-elicited freezing (Fig. 1C ) and escape deficits (Fig. 1D ) after uncontrollable stress. Wheel running, regardless of housing conditions, prevented these LH behaviors. Analysis of variance revealed a main effect of stress (F 1,25 = 13.3; P G 0.05) and an exercise by stress interaction (F 1,25 = 13.1; P G 0.05) on average freezing behavior. The main effects of both exercise (F 1,25 = 28.1; P G 0.0001) and stress (F 1,25 = 36.7; P G 0.0001) and the exercise by stress interaction (F 1,25 = 14.8; P G 0.01) on average escape latency were all significant. Interestingly, there was a trend (F 1,25 = 3.1; P = 0.08) for a main effect of housing conditions on escape latency, suggesting that 6 wk of pair housing may improve active stress-coping behaviors. However, the effect of housing occurred regardless of exercise or stress condition, indicating that effects of exercise are independent from those of social housing. These data exemplify the powerful protective effect of voluntary wheel running against the behavioral consequences of uncontrollable stress.
Although the stress-buffering effects of exercise are clear, the underlying mechanisms remain unresolved. Identification of the mechanisms involved in the protective effects of exercise against stress-induced behaviors could reveal novel targets for the treatment and, perhaps more importantly, prevention of stress-related affective disorders.
THE ROLE OF SEROTONIN IN LEARNED HELPLESSNESS
The central 5-HT system plays a pivotal role in the development and expression of LH behaviors. The DRN is a distinct brainstem structure that contains a high concentration of ascending 5-HT neurons. 5-HT neurons in the DRN have long been associated with depression, anxiety, and behavioral responses to stress. The efferent and afferent projections of the DRN contribute to its role in stress-related mood disorders. There are, for example, dense 5-HT projections from the DRN to structures involved in fear, anxiety, and depression, such as the prefrontal cortex (PFC), striatum, bed nucleus of the stria terminalis, amygdala, periaqueductal gray, and locus coeruleus (LC). The DRN also receives projections from these regions that can modulate the activity of DRN 5-HT neurons.
A growing body of evidence, led primarily by Maier et al. (see (29) for a review), suggests that the development of LH is produced by hyperactivation and sensitization of 5-HT neurons in the DRN. Immunohistochemical and microdialysis studies indicate that uncontrollable stress activates 5-HT neurons in the DRN more than controllable stress of a matched intensity and duration. This hyperactivation of 5-HT neurons during stressor exposure leads to the expression of LH by sensitizing DRN 5-HT neurons so that during later exposure to mildly stressful or typically emotionally neutral stimuli, sensitized DRN 5-HT neurons respond in an exaggerated manner with excessive 5-HT release in brain regions important for the expression of anxiety. The mechanism underlying how hyperactivation of 5-HT neurons leads to sensitization of 5-HT neurons is not yet clear but could involve desensitization of 5-HT 1A inhibitory autoreceptors that are particularly sensitive to ligand-induced internalization (discussed later). What is clear is that, for a period of time after uncontrollable stress, relatively harmless situations will elicit a large 5-HT response and will manifest themselves as anxiety-or depression-like behaviors.
Hyperactivation and sensitization of DRN 5-HT neurons are clearly necessary and sufficient to produce LH. Hyperactivation of DRN 5-HT neurons is necessary for the development (i.e., during stress) of LH. Lesions of the DRN, as well as pharmacological inhibition of the DRN during uncontrollable Figure 1 . Effect of housing conditions on the protective effect of wheel running against learned helplessness (LH) behaviors. Male F344 rats (n = 5 per group) were either single (1 rat per cage) or pair (2 rats per cage) housed for 6 wk. Rats in the sedentary condition (sed) had locked wheels and rats in the run condition had voluntary access to wheels (1 running wheel per cage). After 6 wk of these housing conditions, rats were either left undisturbed in their home cages (no stress) or were exposed to uncontrollable tail shock (stressed). Testing for shock-elicited freezing and escape behaviors took place 24 h later in shuttle boxes. A. Average weekly running distance recorded by the wheels in the cages of the single-and pair-housed run rats. B. Body weight gain over the course of the experiment. C. Average freezing behavior (over the course of a 20-min period) elicited by two brief foot shocks (0.6 mA) in the shuttle box. D. Average latency to escape from 25 escapable foot shocks (fixed ratio-2; 0.6 mA) administered in the shuttle box immediately after the freezing period. Data represent means T SEM. *P G 0.05 relative to groups noted.
stress, block the behavioral consequences of uncontrollable stress. On the other hand, sensitization of the DRN is necessary for the expression (i.e., during behavioral testing) of LH. Manipulations that inhibit DRN 5-HT neurons, such as intra-DRN injections of the 5-HT 1A agonist 8-hydroxy-2-(di-Npropylamino) tetralin (8-OH-DPAT), prevent the expression of the behavioral effects of uncontrollable stress including the reduction in social exploration, exaggerated fear conditioning, and escape deficits (4) . Similarly, acute increases in extracellular 5-HT or manipulations that activate DRN 5-HT neurons produce behaviors that resemble LH in the absence of stress (13, 19) .
In the last few years, we have made significant progress toward identifying both the brain regions and the specific 5-HT receptors subserving the expression of specific LH behaviors (summarized in Fig. 2 ). Although the location and the receptor at which 5-HT acts to produce exaggerated freezing still eludes us, 5-HT 2C receptors (5-HT 2C R) in the basolateral nucleus of the amygdala (BLA) contribute to the social avoidance produced by uncontrollable stress (5), whereas recent unpublished data from our laboratory suggest that 5-HT 2C R activation in the dorsal striatum contributes to the deficit in shuttle-box escape learning produced by uncontrollable stress. The role of the 5-HT 2C R in LH behaviors is consistent with the therapeutic effects of 5-HT 2C R antagonists, such as agomelatine, in ongoing clinical trials involving patients with major depression, and with known involvement of the 5-HT 2C R in other anxiety-like behaviors in rodents.
It may seem counterintuitive that an increase in 5-HT release can lead to LH behaviors, especially considering that an increase in 5-HT neurotransmission seems to be important for the therapeutic effects of antidepressant drugs, such as selective 5-HT reuptake inhibitors (SSRIs). However, SSRIs increase extracellular 5-HT immediately, yet the therapeutic benefits of SSRIs are not realized for weeks. In fact, an increase in anxiogenic and depressive symptoms often are reported during the onset of antidepressant treatment. It is possible that the rapid rise in extracellular 5-HT contributes to the exacerbation of clinical symptoms during the onset of pharmacotherapy, whereas consequences of a long-term elevation of 5-HT, such as downregulation of postsynaptic receptors or enhanced neural plasticity, contributes to the therapeutic effects of chronic antidepressant treatment.
EXERCISE AND CENTRAL SEROTONIN SYSTEMS
Examination of Figure 2 reveals several sites at which exercise-induced plastic changes in the central 5-HT system could help prevent the development or expression of LH. Plasticity within the DRN itself could help constrain activation of DRN 5-HT neurons or produce resistance against given increases in extracellular 5-HT. Wheel running also could reduce activation of DRN afferents that contribute to DRN hyperactivation during stressor exposure. Alternatively, wheel running could facilitate activation during stress of other DRN afferents that could inhibit DRN activity. Finally, wheel running could prevent the expression of LH behaviors by producing plasticity in DRN projection sites important for the expression of various LH behaviors, thus limiting the effects of 5-HT in sites efferent to the DRN.
Intra-DRN Plasticity and 5-HT 1A Autoreceptors
Although clear progress has been made toward understanding the role of 5-HT in stress-related affective disorders and LH, less is known about the impact of exercise on central 5-HT systems. Motor activity stimulates 5-HT neurons (24) , although it is difficult to determine if the increase in 5-HT activity reported in previous work reflects motor activity per se or the perceived stress of the forced motor task used. For this reason, it is particularly important to focus on effects of voluntary exercise on the 5-HT system. We have investigated the effects of voluntary wheel running on gene expression of several factors capable of influencing 5-HT neurotransmission within the DRN.
Two factors that can modulate central 5-HT neurotransmission are 5-HT 1B autoreceptors and 5-HT transporters (SERT). The 5-HT 1B autoreceptors are terminal autoreceptors that can inhibit the release of 5-HT from 5-HT neurons, both in 5-HT cell body regions and in terminal regions. The SERT is responsible for the reuptake of 5-HT from the extracellular space back into 5-HT neurons and is a primary target of SSRIs. Using in situ hybridization, we have observed that wheel running reduces levels of messenger ribonucleic acid (mRNA) coding for 5-HT 1B autoreceptors and SERT in the DRN (15) . Because 5-HT 1B autoreceptors and SERT can be expressed within the DRN or transported to DRN terminal regions, it is not yet clear how these changes impact 5-HT neurotransmission. It also is unclear how these changes could contribute to the resistance against LH produced by wheel running. The reduction in 5-HT 1B receptor and SERT mRNA in the DRN is present after 3 wk of wheel running or less (15) , but the protective effect of wheel running against LH is not observed until 6 wks of wheel running has elapsed (14) .
In contrast to the rapid changes in 5-HT 1B and SERT mRNA, we have observed a delayed increase in 5-HT 1A autoreceptor mRNA in the DRN after wheel running (15, 16) . In fact, the increase in 5-HT 1A mRNA follows a time course similar to that observed for the behavioral effects of exercise; whereby 6 wks, but not 3 wks of wheel running prevents LH behaviors and increases 5-HT 1A mRNA (15) . the DRN after exercise could help resist DRN sensitization by simply providing a greater number of autoreceptors.
A second mechanism by which a greater capacity to transcribe 5-HT 1A autoreceptors could help prevent DRN sensitization and LH is by facilitating transcriptional recovery of 5-HT 1A autoreceptors. Pharmacological inactivation of DRN 5-HT 1A autoreceptors with the alkylating agent N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline produces a compensatory increase in transcription of the 5-HT 1A gene, which corresponds to the recovery of 5-HT 1A protein expression (32) . We have evidence that a similar mechanism underlies recovery of 5-HT 1A autoreceptors after uncontrollable stress. Figure 5 depicts levels of 5-HT 1A mRNA in the DRN assessed with in situ hybridization. Sedentary rats were either left in their home cages (no stress) or were exposed to uncontrollable tail shock stress and killed at various time points later. We observed a slight (nonsignificant) decrease in 5-HT 1A mRNA in the DRN 1 and 3 h after uncontrollable stress. It is unlikely that this slight reduction in 5-HT 1A gene transcription contributes to the behavioral consequences of uncontrollable stress because the behaviors are present rapidly after stressor termination, and 5-HT 1A receptor internalization would have much more rapid functional effects in terms of the inability of 5-HT 1A autoreceptors to inhibit 5-HT neuronal activity. However, of interest is the observed rate of recovery of 5-HT 1A gene transcription. Notice that levels of 5-HT 1A mRNA 72 h after stress are greater than those of nonstressed rats. This increase in 5-HT 1A mRNA levels could represent a compensatory mechanism controlling the recovery of 5-HT 1A protein expression. In fact, the elevation of DRN 5-HT 1A mRNA shown in Figure 5 occurs in a time course consistent with the disappearance of LH behaviors after uncontrollable stress, which are absent by 72 h (27) . Because wheel running affects 5-HT 1A gene transcription, it is possible that wheel running could facilitate the transcriptional recovery of 5-HT 1A autoreceptors after stress, thereby restoring 5-HT 1A -mediated autoinhibition of DRN 5-HT neurons during behavioral testing and preventing the expression of LH behaviors.
A third mechanism by which a potential increase in 5-HT 1A autoreceptors could prevent desensitization of DRN 5-HT neurons is by helping to constrain the activity of DRN 5-HT neurons during stress, thereby limiting the release of 5-HT into the DRN and reducing 5-HT 1A internalization. Indeed, wheel running does constrain activation of DRN 5-HT neurons during uncontrollable stress. Using c-Fos as a marker of neuronal activation, we observed that 6 wk, but not 3 wk, of wheel running reduced the number of double c-Fos/5-HT-positive cells in the DRN elicited by uncontrollable stress (14, 16) . Importantly, the greatest stress-buffering effect of wheel running on DRN 5-HT neuronal activity occurs in the dorsal aspect of the rostral-mid DRN (16), the same region of the 1A messenger ribonucleic acid (mRNA) in the dorsal raphe nucleus (DRN). Adult, male F344 rats (n = 8 per group) were either left undisturbed in their home cages (no stress) or were exposed to uncontrollable tail shock and were killed immediately (0), 1, 3, 24, or 72 h after stress. In situ hybridization was used to visualize levels of 5-HT 1A mRNA in DRN slices. Data represent means T SEM. *P G 0.05 relative to no-stress, 0-, 1-, and 3-h groups.
DRN where 6 wk of wheel running has the greatest effect of 5-HT 1A mRNA (15) .
Supporting the ability of enhanced autoinhibition of DRN 5-HT neurons to contribute to stress resistance, Kaiyala et al. (25) have performed a series of experiments indicating that higher levels of terminal 5-HT 1B autoreceptors are associated with stress resistance and anxiolytic effects in animal models. Moreover, positron emission tomography studies have revealed that human depression could be associated with a decrease in 5-HT 1A autoreceptor binding potential in the raphe (8) . Especially interesting is that while we propose that an increase in DRN 5-HT 1A autoreceptors could be important for the protective effect of exercise against stress-related psychiatric disorders, a decrease in 5-HT 1A autoreceptors has been proposed as a mechanism underlying the therapeutic effects of SSRIs (1). Although exercise and chronic SSRI treatment may have opposite effects on the 5-HT 1A autoreceptor, they may similarly reduce the expression or sensitivity of specific postsynaptic 5-HT receptors. Understanding which of these changes is critical for the beneficial effects of the manipulations remains an important challenge. Regardless of the specific role of 5-HT 1A autoreceptors, it is possible that constraint over activation of the 5-HT system is an adaptive feature of the stress response that is dysregulated in stressrelated psychiatric disorders and facilitated by physical activity.
DRN Afferents: the Locus Coeruleus and Medial Prefrontal Cortex
Exercise-induced plasticity within the DRN, such as increased numbers of 5-HT 1A autoreceptors, could contribute to the constraint over activation of DRN 5-HT neurons during stress and the prevention of LH. Changes in regions afferent to the DRN that can modulate activity of DRN 5-HT neurons also could contribute to 5-HT constraint. Wheel running could decrease activation during stress of excitatory inputs to the DRN or increase activation of inhibitory inputs to the DRN. Any of these scenarios (depicted in Fig. 6 ) could potentially reduce activation of 5-HT neurons in the DRN during stress, thus preventing DRN sensitization. These scenarios are not necessarily mutually exclusive. In fact, there is evidence that both occur in the brains of voluntarily exercised rats during exposure to uncontrollable stress.
Of note among the regions contributing to DRN hyperactivation during uncontrollable stress is the noradrenergic LC (Fig. 2) . Although the DRN receives NE input from many regions other than the LC, including the C1, A1, and A2, the LC provides the majority of input and long has been implicated in stress-related behaviors, including LH. The NE neurons in the LC project to the DRN and can stimulate 5-HT neurons through a mechanism involving > 1b -ADRs (Fig. 2) . The contribution of LC NE to stress-induced activity of DRN 5-HT neurons is exemplified by the observations that LH behaviors are sensitive to manipulations of the LC and NE activity in the DRN (12, 35) .
The contribution of the LC to stress-induced hyperactivation of DRN 5-HT neurons is especially relevant for exercise research because the NE system and the LC are particularly sensitive to physical activity. Noradrenergic systems, such as the LC and other brainstem catecholaminergic regions, are activated by exercise (7), likely reflecting the increase in sympathetic nervous system activity that is required to maintain activity. Increased NE activity has been suggested as a mechanism for several of the beneficial effects of exercise, including improved hippocampus-dependent learning and memory and increased memory-related gene expression such as BDNF (23) . Wheel running also increases NE content in several brain regions including brainstem raphe and catecholaminergic regions (6, 7) . These data suggest that the NE system is indeed sensitive to exercise and could provide the necessary signal to increase growth factors that could support some of the synaptic and neurocircuitry changes that are unique to exercise.
Although speculative, a mechanism exists whereby repeated activation of DRN-projecting NE neurons in the LC also could contribute to the observed increase in 5-HT 1A gene transcription produced by wheel running. The 5-HT 1A gene expression is regulated by a complex balance of gene promoters and repressors, including the promoters nuclear factor kappa-light-chain-enhancer of activated B cells (NFJB) and specificity protein 1, and the repressors nuclear-deformed epidermal autoregulatory factor 1-related protein and 5' repressor element under dual repression binding protein-1 (Freud-1; (30)). Because of its relative specificity for the 5-HT 1A gene and its powerful control over constitutive levels of 5-HT 1A expression in 5-HT neurons, Freud-1 is an attractive candidate for exercise modulation. Increased intracellular Ca 2+ and subsequent activation of calcium/calmodulindependent protein kinase type IV has been reported to inhibit Freud-1 activity posttranslationally, thereby derepressing 5-HT 1A gene expression (30) . It is therefore possible that an increase in intracellular Ca 2+ in DRN 5-HT neurons elicited by repeated activation of G q -linked > 1b -ADR could enhance 5-HT 1A transcription by inhibition of the 5-HT 1A repressor Freud-1.
In addition to repeatedly activating the NE system, we (18), as well as Dishman et al. (6, 7) and Dun et al. (9) , have observed that physical activity produces an adaptation in the LC that helps to constrain LC activity during exposure to nonexercise stressors, such as uncontrollable shock. Constraint over stress-induced activity of LC NE neurons that project to the DRN could help prevent LH behaviors by limiting > 1b -ADR-mediated excitation of DRN 5-HT neurons (Fig. 6) . Importantly, the anatomical localization of the effect of exercise on DRN 5-HT neuronal constraint coincides with the relative NE innervation of the DRN, such that both are greater in the rostral-mid DRN relative to other DRN subregions. The ''cross-stressor habituation'' that could occur in the NE system after exercise is intriguing because it is opposite to the sensitization of the stress response that typically occurs when exposure to a novel stressor follows habituation to a different, repeated one.
Although constraint over activity of LC NE neurons during stress certainly could contribute to the protective effect of wheel running against LH and exercise-induced stress resistance, it is unlikely to be the only mechanism. Many stressors activate the LC, but repeated exposure to stress certainly does not prevent LH and increase stress resistance. Cross-stressor habituation might be one feature making exercise unique from other physiological stressors and contributing to exerciseinduced stress resistance. Another feature that could make exercise unique is that it might recruit other neural systems, such as higher order executive function circuits or reward systems; plasticity in which could interact with the 5-HT system in such a way as to constrain its activity during stressor exposure. Indeed, wheel running is a voluntary and rewarding experience, thus exercise-induced plasticity in circuits sensitive to behavioral control and reward might be expected.
A recent report from our laboratory discusses the plasticity in the reward system after voluntary exercise and the relevance of these changes to stress resistance (17) . Less data directly implicate circuits sensitive to behavioral control in exercise-induced stress resistance. However, supporting the involvement of behavioral control is the fact that, compared with other stressors, exercise typically is voluntary and controllable. In fact, the majority of data (e.g., (2, 26) ) suggest that only controllable (i.e., voluntary) exercise will prevent depression-and anxiety-like behavioral effects of stress, such as LH, thereby implicating neural circuits involved in the perception of behavioral control in the mechanisms by which exercise produces stress resistance. The medial PFC (mPFC) is one region particularly sensitive to behavioral control (28) .
The mPFC has been described as an ''executive control'' center that functions to guide appropriate behavioral responses to stimuli based on integrated information from multiple sensory modalities. The prelimbic (PL) and infralimbic (IL) regions of the ventral mPFC project to limbic, midbrain, and brainstem structures involved in integrative aspects of the stress response. These projections are important for the reported role of the mPFC in the regulation of neuroendocrine, autonomic, and behavioral responses to a variety of stressors. Although there are inconsistencies in the literature, the mPFC is thought to dampen, or constrain, many aspects of the stress response. Accordingly, damage to the mPFC is implicated in stress-related psychiatric disorders. Based on these data, the mPFC has immerged as a region central in the production of stress resistance.
It makes intuitive sense that the mPFC would be involved in the stress-buffering effects of exercise that extend beyond 5-HT. Because of the unique ability of the mPFC to constrain many aspects of the stress response, it is possible that involvement of the mPFC is a bridge between the many stress-buffering effects of exercise. Although very little work thus far has examined the effects of exercise on the mPFC specifically, available data are consistent with exercise improving mPFC function in humans (22) .
The anatomy supports the ability of the ventral portion of the mPFC (mPFCv) to modulate DRN 5-HT activity. The IL and PL regions of the mPFCv provide the major cortical input to the DRN. Glutamate neurons in these regions project to and synapse on predominantly F-aminobutyric acid (GABA)-containing neurons in the DRN and thus inhibit the activity of 5-HT neurons. Indeed, electrical stimulation of the mPFCv inhibits activity of DRN 5-HT neurons. Based on this anatomy, we propose that exercise-induced plasticity in the mPFC could result in the mPFC being more active during stressor exposure or behavioral testing, thereby inhibiting the activity of the DRN. Interestingly, established stress-buffering effects of exercise are consistent with increased activity of the mPFC during stress. Exercise constrains stress-induced activation of the sympathetic nervous system, attenuates HPA axis responses to acute mild stressors, and prevents LH behaviors. All of these stress-buffering effects might be expected in exercise increased mPFC-mediated inhibition of the stress response. Additionally, we have observed that 6 wk of wheel running initiated after contextual fear conditioning facilitates withinsession extinction of fear during the first test of fear expression (20) . Because the IL is involved in within-session fear extinction (34), the observed facilitation of fear extinction also is consistent with increased activation of the IL during stressful events, in this case, exposure to an environment previously paired with foot shocks.
Although the observations that forced exercise, such as treadmill training, often does not produce stress resistance (but instead can increase anxiety) are consistent with the idea that exercise controllability is an important factor, forced exercise studies are confounded by the external stressors imposed on the animals by the forced exercise paradigm. No studies to date have directly manipulated exercise controllability while keeping constant such factors as time of day and exercise apparatus, as well as exercise frequency, duration, and intensity. If such a study finds that the protective effect of wheel running against LH behaviors is indeed dependent on exercise controllability, where only controllable wheel running prevents LH, then neural substrates sensitive to behavioral control, such as the mPFC, would likely be critical to the development of exercise-induced stress resistance. However, this would not imply that effects of exercise per se, which are not dependent on exercise controllability, are not important for other beneficial effects of exercise. In fact, several effects of exercise, such as enhanced hippocampal neurogenesis, increased BDNF, and some hippocampus-dependent learning and memory benefits, appear after both voluntary wheel running and forced exercise (see (26) ). Additionally, it is possible that plasticity in the ''behavioral control'' circuits and in neural circuits sensitive to exercise per se are both required for the unique stress resistance and resilience produced by exercise.
DRN Projection Sites and the 5-HT 2C Receptor
An additional possibility for exercise-induced plasticity in the central 5-HT system could be changes in 5-HT 2C R sensitivity in DRN projection sites important for the expression of the 5-HT-dependent behavioral consequences of uncontrollable stress. These regions include the BLA (social avoidance; (5)) and the dorsal striatum (escape deficit). Fox et al. (11) have reported that wheel running in mice reduces the behavioral effects of a nonselective 5-HT 2 R agonist in the acoustic startle paradigm. We have obtained similar data using microinjection of selective 5-HT 2C R compounds into the dorsal striatum. Injection of the selective 5-HT 2C R agonist 2-[(3-chlorophenyl) methoxy]-6-(1-piperazinyl) pyrazine (CP-809101) into the dorsal striatum of sedentary rats interferes with shuttle box escape behavior in a dose-dependent manner. Six weeks of wheel running produces a rightward shift in the dose response curve; whereby a higher dose of CP-809101 is required to interfere with shuttle box escape in physically active rats (Greenwood B., unpublished observation, 2011) . Together, these data suggest that reduced sensitivity of postsynaptic 5-HT receptors, in this case, the 5-HT 2C R, could help resist the behavioral effects of acute increases in 5-HT and thus contribute to exercise-induced stress resistance (Fig. 6) .
CONCLUSIONS
Understanding the neuroplastic changes elicited by exercise is useful because this knowledge can facilitate the formation of testable predictions regarding other beneficial effects of exercise. For example, although chronic treatment with SSRIs can reduce clinical symptoms of depression and anxiety, the onset of SSRI pharmacotherapy often is associated with an exacerbation of anxiety and cognitive symptoms consistent with a rapid increase in 5-HT neurotransmission. If wheel running produces resistance against the behavioral effects of acute increases in 5-HT, as hypothesized, then we would predict that wheel running should reduce the negative behavioral impact of acute SSRI administration. This is indeed what we have observed. Sedentary rats administered a single systemic dose of the SSRI fluoxetine demonstrate exaggerated freezing and deficits in shuttle box escape learning 1 h later, effects dependent on activation of the 5-HT 2C R (19) . In contrast, rats allowed access to running wheels for 6 wk before fluoxetine administration do not display the typical anxiety-like behavioral consequences of the SSRI (19) . Although these preclinical data are consistent with our hypothesis, to our knowledge, this prediction has yet to be tested in a clinical setting. However, this prediction is important because it implies that exercise participation could be an effective adjunct therapy during the onset of SSRI treatment to reduce potential deleterious behavioral effects associated with acute SSRI administration, including anxiety and noncompliance.
In conclusion, exposure to uncontrollable stressors of sufficient intensity, relative to controllable or mild stressors, elicits behaviors in rodents that resemble symptoms of human stress-related affective disorders through hyperactivation and sensitization of DRN 5-HT neurons. Available data are consistent with the hypothesis that physical activity produces plasticity in neural circuitry that result in DRN 5-HT neuronal constraint and resistance against the behavioral impact of acute increases in 5-HT. Evidence suggests that plasticity at multiple sites within the central 5-HT system converge to facilitate stress resistance and resilience. These sites include the DRN itself, such as a facilitation of 5-HT 1A inhibitory autoreceptormediated inhibition of 5-HT neurons; DRN afferent systems, such as the LC or mPFC, which can modulate DRN 5-HT activity during stressor exposure; and DRN projection sites, such as reduced expression or sensitivity of 5-HT 2C receptors in brain regions critical for the expression of stress-induced behaviors. An increase in 5-HT 1A autoreceptors and a reduction in sensitivity of 5-HT 2C R are two examples of exercise-induced neuroplasticity. Determining whether exercise controllability is a critical factor in eliciting exercise-induced stress resistance will aid in understanding how the experience of exercise is communicated to the 5-HT system to result in these plastic changes.
